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ABSTRACT A PR S
Background: Dlsruptron of the circadian’ system may be causa] for
manifestations of the metabollc syndrome (MetS) cp ,)“ -:: P
Objective: The objectwe was 1o study thé associations of 5 CLOCK
polymorphisms with MetS ‘features by analyzing -fatty - acid" (FA)
composition from dictary ‘and -red blood cell- (RBC)-membrane
sources. 4 T -h‘inF
Desrgn Participants (n = 1100) in the Genetrcs of Lrprd Lowenng
Drugs and Diet Network (GOLDN) study were 1ncluded Dletary
intake was estimated with a validated questlonnalre Anthropomet-
ric and biochemical mcasurements and genotypes were: determined,
Postprandial lipids and the FA composition of RBC: membranes
were analyzed. W t,
Results: CLOCK single nucleotide polymorphisms - were - s1gmﬁ—
cantly associated with obesity and individual components of MetS.
For single nucleotide polymorphism rs4580704, minor allele car-
riers had a 46% lower risk of hypertension than did noncarriers, The
monounsaturated fatty acid (MUFA) content of RBC mernbranes
particularly oleic acid, changed according to CLOCK genetic var-
iants (P < 0.05). We identified significant gene-diet interactions
associated with MetS at the CLOCK locus. By dichotomizing
MUFA intake, we found different effects across rs4580704 geno-
types for glucose (P = 0.020) and insulin resistance (P = 0.026). The
protective effect of the minor allele on insulin sensitivity was only
present when MUFA intake was >13.2% of energy, We also found
different effects across CLOCK 31117 — C genotypes for saturated
fatty acid intake (% of energy) (P = (.017). The deleterious effect of
gene variants on waist circumference was only found. w;th l'ugh
saturated fatty acid intakes (>>11.8%). -
Conclusions: CLOCK polymorphisms interact with FAs to modu-
late MetS traits. The dietary source and membrane content - of
MUFAs are implicated in the relations between alterations in the

circadian systcm and MetS. Am J Clin Nutr 2009;50: 146675,
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INTRODUCTION o S tm e oy
Recent clinical and epidemiologic studies have shawh‘srg-

nificant relations between chronobiology and certain components
of the metabolic syndrome (MetS). Thus, shift work, sleep
deprivation and bright-light exposure at night have been asso-
ciated with an increased level of adiposity and prevalence of
MetS (1).

Although our understanding of the biological clock model
continues to evolve, it is alrcady known that CLOCK (Circridi;rn
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Locomotor Output Cycles Kaput), one of the transcription factors
from the positive!limb"of ‘the molecular clock, is involved in
metabohc alteratlons (2) It hds been shown in amma] models that
mrce wrth C!ock gcne dlsmptrons a_rc prone to develop a phe-
notype resemb]mg MetS (3). In 2004 Rudlc et al (4) showed
that mutations in the Clock gene. were assocrated with impaired

-glucose. tolerance; . which indicates , that the disruption. of the

circadian system may be ck_ausal-for'the expression of some of the
MetS components, i

Lipids, especially fatty acids (FAs), play a critical metabolic
role (5). In particular, the composition of membrane FAs greatly
influences membrane function, and the interplay between dietary
FAs, membrane lipid composition, and-several Met$ components
has been reviewed (6). Moreover, mounting evidence suggests
that FAs mlght regulate dlfferent chronoblologlcal functlons FAs
affect pineal function, whu:h 14 :implicated: in the sleep-wake
thythm and may play 4 role-i in the regulation of locomotor and
exploratory activity - (7).} *Studies. performed in; experrmental
models show that changes in the pmeal membrane FA compo—
sition are associated with a lessenmg of Lhe melatonin rhythm and
a weakening of the endogenous functromng of the c1rcadran clock
and play a role in"noctuinal sleep drsturbances "ad descnbed in
attention deﬁcrt/hyperactlvrty drsorder (7) Conversely, the. cir-
cadian system has been reported to influence : Tlipid ‘metabolism
through the regulatlon of expression - and/oractivity of some
metabolic en7ymes and transport systems mvo]ved m FA me-

T J.?n o+ N T
R V] 'i'-t gk T M ‘lr - ,, ﬂ.t:: N
b — EEEI N

1From the Department of Physlo]ogy, Umversrty of Murcia, Murcia,
Spam (MG, the Jean Mayer US Department of Agnculture Human’ Nutri-

non Research Center on Aging, Tufis Unr\ers:ty School of Med1c1nc, Bos-

ton, ‘MA - (MG, Y-CL, IS, LDP, C-QL, and IMO); the Department of -

Epidemiology, -University of Alabama at Birmingham, Birminghar, . AL
{DKA); and the Department of Experimental and Clinical Phannacology

IUmversrty of Minnesota, Minneapolis. MN (MYT).

% Supported by the Seneca Foundation from the Government of Murcia
(prOJect Q2034/PI/05 to MG); the Government of Education, Science and
Research of Murcia {project BIO/FFA 07/01-0004 to MG): The Spanish
Government of Science and Innovation (projects AGL2008-01655/AL1 to
MG); and NIH (IR21AR055228-01A1, U0l HL72524, HL54776, and
DKO75030} and the US Department of Agriculture Research Service (33-
K06-5-10 and 58-1950-9-001) to JMO and DKA.

* Address correspondence to M Garaulet, Department of Physialogy, Fac-
ulty of Biology, University of Murcia, Campus de Espinardo, s/n 30100,
Murcia, Spain. E-mail: garaulet@um.es,

Received January 23, 2009, Accepted for publication September 20, 2009,

First published online October 21, 2009; doi: £0.3945/ajcn.2009.27536.

Am f Clin Nutr 2009;90:1466-75. Printed in USA. © 2009 American Society for Nutrition




CLOCK POLYMORPHISMS AND METABOLIC SYNDROME

tabolism (8, 9). As such, several nuclear receptors-involved in
lipid metabolism have been found:to exhibit circadian rhyth-
micity of expression (10). Peroxisome proliferator—activated
receptor & (PPAR«), a nuclear receptor..family member,
provides an example, of coordination between circadian and
metabohc processes (]l) It has been shown that CLOCK/
BMAL] mediated transcnptlon of period (PER) and crypto-
chrome (CRY) is modulated by PPARwRXRa, which suggests
that there may be crosstalk between PPARa/RXRa- and CLOCK/
BMALI -reguldted systems and lipid metabolism (12—14)

i ‘More recently, these' research efforts have been extended to
gain further understandmg about the role ‘of CLOCK variants in
human obesity and, MetS risk. Thus far, only 2 studies have
spec1ﬁcally focused on "MetS, and no study has yet related
CLOCK gene polymorphlsms to any particular MetS component
(15, 16). Interestingly, desplte the potentlal influence of mem-
branes 'FA composition in'both, the régulation of the cifcadian
System regulatmn and the risk of the MeétS, there has been study
of the dssotiations between FA erythrocyte membtine compo-
sition "and  dietary intake "and “human CLOCK gene poly-
morphlsms Thereforé, the objective of this mveetlganon was (o
study the associations of CLOCK genetic polymotphisms with
MetS featires and describe environmental interactions such as
those associations modified by dietary FAs.

SUBJECTS AND METHODS

Study participants and study design

The study sample consisted of 540 men and 560 women who
participated in the Genetics of Lipid Lowering Drugs and Diet
Network (GOLDN) study. GOLDN is part of the Program for
Genetic Interactions Network and’ is’funded’ by the National
Institutes’ of Hea_lth through the University of Alabama at Bir-
mingtiam ~and "inccllaboration* with”' the University of Utah,
Washmgton Univérsity, Tofts"University, -University of ‘Texas,
Umverstty of Mlclugan University of Minnésota, and Fairview-
University 6f Minnésota Medical Center. Most part1upams Were
re-recruited ‘from “3-generational pedigrees from two National
Heart, Lung, and Blood Institute Family Heart Study field centers
{Minneapolis, MN, and Salt Lake City, UT) (17}, AH individuals
were of European descent. The details of the study design were
previously ‘described- (18). The protocol was approved by -the
Institutional Review Boards at the University of Alabama, the
University of Minnesota, the University of Utah, .and Tufts
_U__niyérjsity. . T -

Anthropometric measurements

- We' measured welght with a béam balance, hlp circumference
at maxunal *hip glrth and walst circumference at the umbilicus.
Body miass’ indéx (BMI) was calculated as’ weight ‘(kg)/height>
(in), and obesrty ‘was deﬁned as BMI > 30. We administered
clinical and llfestyle quest:onnalres and created an interviewer-
adm1mstered direct data’ entry Systém for'the diet- hlstory ques—
tlonnalre (DHQ) developed by the N\atlonal Cancer Institute."
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«Dietary ‘intake was estimated by use of the DHQ, a food-
frequency questionnaire developed by staff at the Risk Factor
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Monitoring and Methods Branch. It consists of 124 food items
and includes both portion size and dietary supplement questions.
Two studies were conducted to assess its validity (19, 20). The
food list and nutrient database used with the DHQ are based on
national dletary data (21)

Biocheihical analyses

We drew venous blood after the study participants had fasted
overnight. Plasma samples were stored and analyzed together.
Blood collection, plasma separation and processing, and bio-
chemical analyses for plasma lipids (including triglycerides, total
cholesterol, HDL cholesterol, and LDL cholesterol), glucose,
insulin, -adiponectin, and interleukin-6 (ILH) were previously
described (22, 23).

Postprandial study fat challenge

The postprandial: study fat. challenge consisted of a meal
formulated according to the protocol of Patsch et al (24).The
meal, . which participants were instructed to consume wnthln 15
min, contained 700 keal/m? body surface area (2. 93 MJ/m? body
surface area); 3% of energy was derived from protein, .14% from
carbohydrate, and 3% from fat sources. The cholesterol content
was 240 mg, and the ratio of polyunsaturated fatty acid (PUFA)
to, saturated fatty acid (SFA) was -(L.06. The average person
consumed 175 mL heavy whipping cream (39.5% fat) and 7.5
mL powdered, instant, nonfat dry milk blended with ice and 15
mL chocolate- or strawberry-flavored syrup to increase palat-
ability. We drew blood samples immediately before (time 0) and
3.5 and 6 h after the high-fat meal.

Erythrocyte membrane fatty acid determination

Fasting blood samples were collected into EDTA-containing
tubes. Erythrocyte membrane separation and FA extraction fol-
lowed procedures previously described (25, 26). The final product
was dissolved in heptane and injected into a capillary Varian
(Palo Alto, CA) CP7420 100-m column with a Hewlett-Packard

"(Palo Alto, CA) 5890 gas chromatograph equipped with

a HP6890A antosampler. FA methylesters from 12:0 through 24:1
{n--9) were separated, identified, and expressed as a percentage

. of total FAs.

DNA isolation and CLOCK genotyping

We selected tag single nucleotide polymorphisms (tag SNPs)
as effective proxies for untyped SNPs in strong linkage dis-
equilibrium (LD) by using the Tagger (27) based on HapMap
Caucasian Eurcpean Utah data (28) with a minor allele frequency
(MAF) >0.10 and a minimum »* of 0.8, Tagger uses an algo-
rithm that selects tag SNPs to construct single- and multi-marker
tests to capture alleles of interest based on the computed cor-
relation r* between them.

For haplotype analys:s, We . estlmated haplotype frequenc:les
nsing, the- expectation-maximization. algonthm implemented in
HelixTree for a subset of SNPs selected on the basis of individual
asscciation with a given trait (29). To' tetermine ‘the' associa:
tion between haplotypes and phenotypes, we, éxamined the as-
sociation between haplotypes and given. traits wusing linear
regression models, while treating: carriers or noncarriers of a
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haplotype as a predictor (30). Analyses were adjusted for po-
tential confounders.

DNA was isolated from blood samples by using routine DNA
isolation sets (Qiagen, Hilden, Germany). We performed geno-
typing of CLOCK gene polymorphisms using a TagMan assay
with allele-specific probes on the ABI Prism 7900HT Sequence
Detection System (Applied Biosystems, Foster City, CA) ac-
cording to standardized laboratory protocols (31).

Bioinformatics analysis

The LD plot between the studied SNPs is shown in Figure 1.
SNPs were selected by using 3 criteria: literature reports of
genetic associations or biological function of interest, bio-
informatics functional assessment, and LD structure. In con-
Jjunction with the selection of tag SNPs, we also performed
a bioinformatics analysis of the genomic DNA sequence en-
compassing the different SNPs in order to ascertain putative
biological consequences of the different alleles. SNPs mapping
to regions upstream of the transcription start site or within in-
trons were studied with MAPPER (32) to identify potential
allele-specific transcription factor binding sites. No intronic
SNPs altered splice acceptor or donor sites or other signals
recognized by the splicing machinery, such as the poly-
pyrimidine tract. Polymorphisms within the 3’-UTR of the
mRNA can exert an effect on the folding of the mRNA with

i
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.rs37494'74
r$1801260
rs1464490
rs4580704
rs4864548

FIGURE 1. Linkage disequilibrium (LD) plot between the single
nucleotide polymorphisms (SNPs) selected and the LD plot across the
CLOCK gene. The horizontal white bar depicts the 113-kb DNA segment
of chromosome 4q12 analyzed in the sample. The 5 tag SNP locations are
indicated by hatch marks. In the LD plot depicted in the bottom part of the
figure, each diamond represents the magnitude of LD for a single pair of
markers. The dark tones indicate strong LD P = 1.0), the white tones
indicate no LD (* = 0), and the gray tones indicate intermediate LD. The
numbers inside the diamonds indicate the »° (D) value.
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concomitant changes in mRNA stability. Such was tested with
RNAfold (33) within the Vienna RNA package.

Statistical analysis

Those variables, which were not normally distributed, were log
transformed. We applied analysis of variance and Student’s ¢ test
to compare crude means across genotype groups. We tested
different genetic inherent models, and a dominant model was
applied in the final analyses for all the SNPs selected, except for
rs1801260 (31117— C), which followed a recessive model. We
carried out multivariate adjustments of the associations by
analysis of covariance and estimated adjusted means. We ad-
justed analyses for sex, age, and family relationships. We also
tested the statistical homogeneity of the effects by sex in the
corresponding regression model with interaction terms. The
familial relationships within the population were adjusted by
using a generalized linear model implemented in the GENMOD
procedure in SAS assuming an exchangeable correlation struc-
ture within pedigree (34, 35) We fitted logistic regression
models to estimate the odds ratios (ORs) and 95% Cls of obesity
and particular MetS components, such as high triglycerides,
high glucose, high blood pressure and abdominal obesity asso-
ciated with the CLOCK polymorphism. We used routine re-
gression diagnostic procedures to ensure the appropriateness of
the models. Statistical analyses were done by using SPSS 15.0
software (SPSS Inc, Chicago, IL). A 2-tailed P value <0.05 was
considered statistically significant.

RESULTS

Characteristics of the population studied, including MetS
features and FA intake and composition, are shown in Table 1.
Briefly, 37.3% of our population had MetS. Significant inverse
correlations were found between oleic acid and the total MUFA
content of erythrocyte membranes and MetS traits (oleic acid
and total MUFAs, respectively): BMI (r = —0.092, P = 0.003;
r = —0.18, P = 0.0001), glucose (r = —0.08, P = 0.006; r =
—0.80, P =0.001), and insulin (» = —0.10, P = 0.001; r= —0.13,
P = 0.001); conversely, we found significant correlations for
adiponectin (r = 0.10, P = 0.001; r = —0.14, P = 0.0001).

Genotype frequency of CLOCK variants in the GOLDN
population

SNP 151464490 was selected as the tag SNP for a large LD
block (LD1); rs3749474, also from LDI1, was selected from
bioinformatics functional assessment because of its potential
effect on mRNA structure, and rs4864584 was selected because
of its previous association with overweight/obesity (15, 16).
From the different SNPs in LD2, inclusion of rs4580704 was
based on its previous relation with BMI (16). From LD3,
we selected rs18012602 (31117— C) based on previous reports
showing associations with sleep alterations (36) and binge-
eating disorders (37). Their locations in the CLOCK gene,
Hardy-Weinberg equilibrium, and MAF of the SNPs studied
are listed in Table 2. CLOCK genotype frequencies did not de-
viate from Hardy-Weinberg equilibrium expectations. Because
1s3749474, rs1464490, and rs4864548 were almost in complete
LD and displayed a similar pattern of phenotypic associations,
only the results for the rs3749474 SNP are presented.
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TABLE 1
General characteristics of the Genetics of Lipid Lowering Drugs and Diet Network (GOLDN) participants’
Total Men Women
(n = 1100) (n = 540) (n = 560)
Age (y) 48.6 + 16.4° 49.0 = 16.4 48.2 = 16.4
Weight (kg) 829 * 18.2 904 *+ 16.3 759 + 17.2°
Height (m) 1.71. = 0.1 1.78 £ 0.1 1.65 + 0.1°
BMI (kg/m?) 283 £ 5.6 28.5 + 49 280 £ 63
Waist circumference (cm) 96.5 + 16.2 100.5 = 13.9 927 + 1727
Hip circumference (cm) 107.4 £ 11.6 105.8 = 8.9 108.8 + 13.5°
Triglycerides (mg/dL) 139 + 115.9 153 + 1423 125 + 82.2°
Total cholesterol (mg/dL) 191 *= 38.9 190 + 37.5 191 = 40.2
HDL cholesterol (mg/dL) 47.1 = 13.1 415 * 9.8 5934 1397
LDL cholesterol (mg/dL) 122 = 31 123 =+ 30 120 *+ 32
Fasting glucose (mg/dL) 101 = 18.7 106 = 20.8 98 + 15.7°
Fasting insulin (mU/L) 13.7 & 81 14.1 = 84 13.3 %79
Systolic BP (mm Hg) 115 == 16 118 + 15 112 o 172
Diastolic BP (mm Hg) 68 = 9.3 71 25 94 66 + 8.9°
Adiponectin (ng/mL) 8341 = 4798 6329 + 3519 10,204 + 5067°
IL-6 (pg/mL) 1.97 %= 3.1 2.07 * 4.15 1.89 = 1.64
Energy intake (kcal/d) 2116 = 1182 2492 + 1403 1768 + 787°
Dietary fat composition
Total fat (% of energy) 354 * 6.9 359 £ 69 349 + 6.9°
SFA (% of energy) 118 + 2.8 122 =28 11.6 +2.7°
MUFA (% of energy) 133+ 29 13.7 £28 129 + 2.8’
PUFA (% of energy) 7.6 %22 74 £20 79 +23°
Total fat (g/d) 85.4 + 50.7 101.2 = 58.3 70.6 = 36.5°
SFA (g/d) 28. + 184 345 + 214 2340+ 12.8°
MUFA (g/d) 32.1 194 385 % 223 26.2 + 13.8°
PUFA (g/d) 18.1 +£10.7 20.6 = 119 158 + 8.8°
RBC membrane (%)
cis Oleic acid 161 &+ 1.1 16.25 * 1.11 16.03 = 1.0°
trans Oleic acid 1.40 = 042 1.38 + 042 142 #+ 1.03
Total n—9 FAs 16.2 = 1.04 16.33 = 1.03 16.18 + 0.43°
MUFA 17.97 = 1.08 18.03 = 1.09 1791 = 1.03
PUFA 34.13 = 1.52 34.15 +-1.56 34.11 = 1.07
SFA 35.01 = 1.31 3493 + 1.24 35.08 = 1.48
Total trans FAs 1.69 + 0.48 1.67 £ 0.48 1.71 = 1.37
Metabolic syndrome [n (%)] 418 (37.3) 223 (41.4) 195 (33.6)
Obesity [n (%)] 373 (33.2) 176 (32.5) 197 (33.8)
Diabetes or high blood sugar [n (%)] 90 (8.0) 53 (9.8) 37 (6.4)
CLOCK polymorphism [n (%)]
rs4580704
GG 141 (12.8) — —
CcG 478 (43.4) — \ —
ce 483 (43.8) — —
rs1801260 (31117—C)
GG 88 (5.8) — —
AG 652 (43.3) — —
AA 746 (49.5) — —
rs3749474
Ir 146 (13.4) — —
Cc 520 (46.8) — —
cC 424 (38.9) — —

! BP, blood pressure; FA, fatty acid; IL-6, interleukin-6; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated
fatty acid; RBC, red blood cell; SFA, saturated fatty acid.

2 Mean * SD (all such values).

g Significantly different from men, P < 0.05 (Student’s 7 test).

We first examined the association between the CLOCK SNPs  associations with weight and BMI for SNPs rs4580704 and
and MetS components (Table 3). We did not detect sex het- 151801260 (31117— C) (Table 3). These SNPs were also asso-
erogeneity for any of the SNPs examined. Therefore, we present ciated with glucose and insulin-resistance related variables such
the results for men and women combined. We found significant ~ as plasma insulin, homeostasis model assessment of insulin
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TABLE 2
Description of CLOCK smgle nucleotide polymorphisms’ R ¢
- P Minor

Name Location value® MAF  Alleles
rs3749474 . 3-UTR ’, 0.9618 0.406 cT o STy
rsI801260  S3UTR™ 01816 0372 AG G

(3]11T—*C') ; 1o “'r‘ . B .
51464490 "nteon 11 FY ] 0415 * CT T
rs4580704 Intron 97~ 0.8464 0332 - Cr5 G L
rs4364548 Promater * 09618 0.406. IGA A2

! MAF, minor alicle frequency; UTR, untranslated reglon.
? Hardy-Weinberg cquilibrium expecmnom '
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for 154580704, minor allele carriers had a 31% tower risk of
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energy) (P = 0.017) (Figure 3). Similarly, when the SFA intake

_ **was <11.8%, no significant differences were found for waist

circumference between carfiers and noncarriers (P = 0.153).

allele 1+ Conversely, when SFA intake was >11.8%, minor allele carriers

had larger waist circumferences than noncarriers (P = 0.028).

Fa

v

HTo examine the combined :effects . of muitiple variants of
CLOCK we conducted a haplotype .analysis usmg a subset of
CLOCK SNPs. Although the”best”method- among proposed
straleglec to select SNPs for haplotypc analyms is debatable, we

: selécted 3 SNPs that exhibited s1gmﬁcant or margmally signif-

" .., 'icant association with any given trait: rs3749474 rs45807041,
.. and-rs1801260 BL1T—=0). . g e

resistance (HOMAY}, and adiponectin concentrations. Moreover, :

There were 7 haplotypes w1th frequencies rangmg from 1% to

'31%, which accounted for 100% of.all haplotypes in'this pop-

diabetes than did noncarriers (Table 4). We found no associa- * ‘ulation: For further analysis we selected those haplotypes with

‘tions between CLOCK SNPs and fasting lipids such as trigly- -
cerides, HDL cholesterol, LDL cholesterol, VLDL cholesterol, '
and total cholesterol. Conversely, postprandial nglyceridemia
after a fat-loading test was lower in carriers than in noncarriers,

found for rs4580704 were lost when data were adJusted for BMT:
{Tables 3 and 4). ST S

frequencws >4%, such as TCA (31%) CGA (29%), CCG
' (29%), and TCG (4.3%). The 3 SNPs in haplotypes were ar-

. ranged in the ordér rs3749474, rs4580704, 31117 — C. After
- adjustment for covariates, haplotype analysis showed that car-
for the rs43580704 allele (P = 0.045). However, assoc1atlons. .
N c1rcumference adlponecmn concentration, and blood pressure
T4 _than did noncarriers (Tahle 5). In addition, CLOCK haplotype

riers, of the haplotype CGA had a lower. BMI, weight, waist

Systolic and diastolic blood pressure values were also strongly.#i "CGA was significantly associated with oleic -acid RBC mem-
associated with SNP rs4580704. Minor allele carriers had Iower ¥" brane composition. Haplotype was composed of the major allele

blood pressure values than did carriers of the commeon allele.
These data were consistent with further logistic regression

- of rs3749474, minor allele of 4580704, and ma]UI‘ allele of
rs1801260. Data were consistent with~ prewou% associations

analysis, which showed that minor allele carriers had a 45% lower, ,, ‘between + the different variables., stidied and the particular

risk of having hypertension. These results were statistically -
significant after adjustment for BMI (Table 4).

We found significant associations between each of the SNPS :
examined and oleic acid and total MUFA FA membrane com- ..~ ~ -

. CLOCK .SNPs. The frequency of CLOCK haplotype CGA was

- 60.6% in noncarriers and 39.4% in carriers.
[ nl

1 -

position, with rs4580704 and rs3749474 following a domlnant i DISCUSSION AR

pattern, whereas 3111T—C followed a recessive pattern of in-’
heritance (Table 3). Total fat intake was also associated thh
CLOCK gene polymorphisms. Minor allele carriers of SNP
153749474 showed a higher intake of fat, whereas-the opposite
was true for rs4580704. After the adjustment for total fat intake, ,.

o In this study we rephcated iria large US ‘white population, the
prewously shown associations between CLOCK gene poly-

" morphisms and BMI (15,16, 37). Moreover, we showed novel

,significant associations with individual MetS componeits such
as waist, glucose metabolism-related variables and blood pres-

associations with dictary FAs disappeared, whereas those found s.tsure. Carriers of the CGA (rs3749474/rs4580704/rs1801260
for merbrane FAs rematned statistically significant, even after * ¢ (3111T—+C) haplotype had lower BMI, waist circumference,

adjustment for n—3 and n—6 PUFAs., Moreover, addition of
BMI to the statistical model did not affect the significance of
most of the main effect associations (Table 3). To assess slecp
quality, serum IT.-6 was measured. After adjusting for BMI, we

blood pressure, and insulin resistance!In addmon erythrocyte
membrane MUFA composition was modulated by variability at
the CLOCK gene. Furthermore, the geneuc effect was also
modulated by dietary MUFA content, ThlS 15 the first report to

found significant associations between serum IL-6 values and £ show such diet-CLOCK gene interactions. iy

rs4580704 and rs3749474 SNps. ¥

s 'y We recently provided evidence of CLOCK gene expression in

We identified significant gene-diet interactions associated with + 'human adipose tissue and showed its association with different
MetS at the CLOCK locus. By dichotomizing MUFA intake, we, ‘components of MetS (38). In the current study, BMI was asso-

found significantly different effects across rs4580704 genotypes
for glucose (P = 0.020) and insulin resistance (HOMA) (P =

ciated with SNPs rs4580704 and 31117 — C. Moreover, subjects
with those genetic variants associated with higher BMI were

0.026). When the MUFA intake (% of energy) was below the « -*also associated with a high consumption of fat. 1t has been re-

median (<<13.2%), no significant differences were found for
plasma glucose concentrations and HOMA between carriers and
noncarriers (P > (L05). However, when MUFA intake was
=13.2%, minor allele carriers had significantly lower plasma
glucose concentrations (P = 0.025) (Figure 2) and HOMA (P =
0.004) values than did noncarricrs. We also found different ef-
fects across CLOCK 31117 — C genotypes for SFA intake (% of

ported in experimental models that high-fat feeding, particularly
a high intake of saturated fat, modifies circadian synchronization
to light and leads to metabolic abnormalities that mimic human
MetS, including obesity and insulin resistance (39). Carriers of
the minor allele of rs4580704 (CC+CG) and noncarriers of
3111T— C had lower plasma insulin concentrations. Circadian
contro] of glucose metabolism has been recognized from studies-
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TABLE 4
Odds ratios (ORs) for the prevalence of metabolic syndrome components
across CLOCK (rs4580704) genotype groups’

Elevated blood pressure High fasting glucose

rs4580704 OR 95% CI OR 95% CI
CC (n = 483) 1.46 1.080, 1.997 1.310 1.00, 1.70
GG+CG (n = 619) 1 1 =
B 0.014 X 0.047 _
P’ 0.036 g 0.591 —

! Cutoffs were based on National Cholesterol Education Program cri-
teria (1). Estimated means and P values were adjusted for age, sex, and
family relationships.

2 Adjusted for age, sex, family relationships, and BMI (logistic regres-
sion model).

showing variation in glucose tolerance and insulin action across
the day (40). In humans, it has been repeatedly shown that oral
glucose tolerance is impaired in the afternoon and evening
compared with the morning hours. This situation has been as-
cribed to the impaired insulin sensitivity of the peripheral tissues
and to a relative decrease in insulin secretion during evening
hours (40). Adiponectin, highly related to insulin sensitivity and
defined as a protector cytokine against MetS disturbances (41),
is a circadian protein that exhibits both ultradian pulsatility and
diurnal variation (42). In the present population, homozygotes
for the minor G allele for 31117— C had higher BMI values
than noncarriers, which could account for the lower adiponectin
plasma values observed in these subjects (41). In fact, when data
were adjusted for BMI, most of the variables related to insulin
resistance did not show statistical significance for this particular
SNP, which suggests that, for 31117— C, associations with
glucose metabolism are mediated by obesity.

MUFA % of energy

<13.2% >13.2%
106
(P=0.025)
105 ¥
104
P=0.830
103 e

Fasting Glucose (mg/dl)

GG+CG CcC GG+CG “CC
rs4580704

FIGURE 2. Mean (*SE) fasting plasma glucose concentrations by

154580704 ~ polymorphism at the CLOCK gene according to
monounsaturated fatty acid (MUFA) intakes below and above the
population median (13.2% of energy). Estimated means were adjusted for
sex, age, and familial relationships. P values for the interaction (P = 0.020)
terms between fat intake and the corresponding polymorphism were
obtained in the hierarchical multivariate interaction model containing
MUFA intake as a categorical variable with additional control for the
other covariates.
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SFA % of energy
8% >11.8%
18 <11 (P=0 0050)
106 :
104
102

100

Waist Circumference (cm)

GG AG+AA GG
Rs1801260 (3111T/C)

AG+AA

FIGURE 3. Mean (*+SE) waist circumference by rs1801260 (31117— C)
polymorphism at the CLOCK gene according to saturated fatty acid (SFA)
intakes below and above the population median (11.8% of energy).
Estimated means were adjusted for sex, age, and familial relationships.
P values for the interaction (P = 0.017) terms between fat intake and the
corresponding polymorphism were obtained in the hierarchical multivariate
interaction model containing SFA intake as a categorical variable with
additional control for the other covariates.

Of particular interest to MetS is the effect that circadian system
has on blood pressure. In our study, minor allele carriers of
154850704 showed lower blood pressure values than major allele
carriers. These data appear independent to obesity because after
adjustment for BMI, associations with CLOCK gene SNPs re-
mained significant. Consistent with this finding, the risk of hy-
pertension was 46% lower in minor allele carriers than in
noncarriers, even after adjustment for BMI. Blood pressure
displays a circadian rhythmicity, rising during the day and
dipping at night (43). The loss of this pattern has been correlated
with insulin resistance and with increased end-organ damage
(44, 45). SNP 1s4580704 is predicted to produce an allele-
specific CREM (cAMP responsive element modulator) binding
site (C allele on forward strand binds CREM, G allele does not).
CREM has been shown most recently to be responsible for the
circadian expression in the mouse liver of many genes that could
be implicated in cardiovascular disease risk (46).

We found no associations between CLOCK gene poly-
morphisms and fasting state lipids, such as triglycerides, HDL
cholesterol, LDL cholesterol, VLDL cholesterol, and total
cholesterol. These results agree with previous studies performed
by Scott et al (15), and Sookoian et al (16). However, after the
fat-load test, we found that the response of plasma triglycerides
during the entire 6-h period was associated with the CLOCK
rs4580704 SNP, which suggests either decreased triglyceride-
rich lipoprotein production or faster clearance of minor allele
carriers. This association disappeared after BMI was adjusted
for, which suggests that obesity influences these results. Related
to our finding was the previous report by Romon et al (47), who
showed that postprandial lipid, lipoprotein, and apolipoprotein
concentrations were affected by circadian factors. In general,
associations between erythrocyte membrane FA composition
and MetS risk were previously reviewed (6). Moreover, we re-
ported in this population significant differences in the erythro-
cyte FA profile between MetS and non-MetS subjects (48). Our
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TABLE 5
Significant associations with haplotype CGA (rs3749474/rs4580704/
r51801260)"

Mean = SEM P value

BMI (kg/m?)
CGA noncarrier 29.04 * 0.26 0.016
CGA carrier 28.06 = 0.31

Weight (kg)
CGA noncarrier 86.34 * 0.81 0.003
CGA carrier 82.65 * 0.95

Waist circumference (cm)
CGA noncarrier 98.80 *= 0.75 0.020
CGA carrier 96.08 = 0.88

Adiponectin (ng/mL)
CGA noncarrier 7962 = 177 0.006
CGA carrier 8671 = 186

Systolic BP (mm Hg)
CGA noncarrier 116 = 0.63 0.006
CGA carrier 113 = 0.66

Diastolic BP (mm Hg)
CGA noncarrier 69 + 0.37 0.0001
CGA carrier 67 = 0.38

cis Oleic acid (RBC membrane) (%)
CGA noncarrier 16.01 £ 0.05 0.0001
CGA carrier 16.33 = 0.06

Total n—9 FAs (RBC membrane) (%)
CGA noncarrier 29.19 = 0.08 0.001
CGA carrier 29.51 = 0.10

MUFA (RBC membrane) (%)
CGA noncarrier 17. 85 = 0. 04 0.0003
CGA carrier 18. 08 = 0. 04

! BP, blood pressure; FA, fatty acid; MUFA, monounsaturated fatty
acid; RBC, red blood cell.

results indicate that the oleic acid contents of erythrocyte
membranes were inversely associated with obesity and insulin-
resistant traits, which supports the protective role of MUFAs
against MetS risk. However, our study goes further by demon-
strating that this protective effect may differ according to the
genetic background, in this particular case exemplified by the
CLOCK gene. Thus, minor allele carriers of any of the SNPs
examined had lower oleic acid and total MUFA contents in RBC
membranes than did homozygotes for the major allele, except
for rs4580704 SNP, for which the higher MUFA content was
associated with the presence of the minor allele. These effects
remained significant even after adjustment for obesity.

Dietary fat intake correlated with membrane FA lipid compo-
sition, with PUFA showing a tighter correlation than MUFA (49).
Oleic acid can be synthesized de novo through elongation and
desaturation processes involving the stearoyl-CoA-desaturase-1
(50). The circadian system regulates lipid metabolism throughout
the expression and/or activity of some metabolic enzymes in-
volved in FA metabolism (8, 9). CLOCK also functions as a
transcriptional regulator of different nuclear receptors, which are
known to respond to lipids, particularly PPARo and REV-ERBu
(NR1D1) (10, 11).

We hypothesized that differences in the MUFA content of
RBCs between carriers and noncarriers of CLOCK gene variants
could be due to CLOCK-related changes in the circadian regu-
lation of lipid metabolism. Indeed, our analysis with RNAfold
(33) rs3749474 suggests that the T— C base change in the
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CLOCK 3’-UTR transforms the structure of this particular re-
gion, potentially affecting CLOCK mRNA stability or cellular
localization. Altered CLOCK mRNA stability could account for
a diminished activity of stearoyl-CoA-desaturase-1 in RBC
membranes, resulting in the lower MUFA content characteristic
of carriers of the CLOCK variant.

Furthermore, a reduced membrane MUFA content could also
account for the progression of metabolic disorders in minor allele
carriers. It has been postulated that the FA composition of RBCs
is a reliable biomarker of dysregulation of lipid and glucose
metabolism in the liver. Furthermore, insulin resistance correlates
with changes in the FA composition of RBC membranes (51). In
our population, subjects with those genetic variants associated
with a lower oleic acid content in RBCs also displayed MetS
alterations. We could speculate as well that changes in RBC
membrane FA composition correlates with those in other cell
membranes such as the pineal gland affecting circadian system
regulation (7).

The dietary lipid profile has a direct and substantial effect on
diseases linked to MetS. It has been shown that dietary MUFAs
exert a protective role, whereas SFA intake is directly correlated
with obesity and insulin resistance (5, 52, 53). In the present
study, analyses of gene-diet interactions showed that dietary
MUFA intake could influence the association between insulin
resistance and the circadian system. Indegd, for the rs4580704
SNP, the improved insulin sensitivity associated with the minor
allele was present only at high MUFA intakes. Furthermore, for
SNP 3111T— C, we found a significant gene-diet interaction, by
which the deleterious effect of this gene variant on visceral fat
was present only in association with high intakes of SFAs.

Our data show strong associations between CLOCK gene
polymorphisms and plasma IL-6 concentrations. For SNP
54580704, the data showed that carriers of the major allele (CC)
who reported high BMI also had decreased plasma cytokine
concentrations, which could result in decreased sleep (54). For
1s3749474, carriers of the major allele who had higher mem-
brane-MUFA concentrations and reported a lower intake of fat,
an increase in serum IL-6 concentrations associated with a better
sleep quality was observed. It is well known that different cy-
tokines exert effects on sleep time (55-57). In particular, IL-6 is
considered to be a sleep factor because concentrations are
a good indicator of sleep pattern and fatigue (57-61). These data
as a whole assume the greatest importance of sleep quality and
duration in obesity and metabolic alterations and confirm ex-
perimental and epidemiological studies linking sleep deprivation
with obesity. One limitation of the present study was the prob-
lem of multiple comparisons. False-positive results make ge-
netic association studies particularly susceptible to publication
bias. However, this study is a replication of previous work
performed by Sookoian et al (16) and Scott et al (15), which
suggest the consistency of associations.

In summary, our results in a US white population support the
notion that genetic variation at the CLOCK gene is associated
with MetS features, including BMI, waist circumference,
glucose-related variables, and blood pressure. Moreover, RBC
MUFA composition changes among genotypes. Most interesting
is the finding showing that these genetic effects on insulin re-
sistance and obesity phenotypes could be modulated by the di-
etary intake of MUFAs and SFAs. All of these results reinforce
the importance of CLOCK genes in MetS risk and the relevant
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role of membrane FA composition. This new information offers
new insights to the mechanisms linking the circadian system and
metabolic alterations, okl
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